The adsorption of five proteins with very different molecular characteristics, i.e. α-chymotrypsin, human serum albumin, human immunoglobulin, lysozyme, and myoglobin, has been characterized using quantitative fluorescence measurements and atomic force microscopy. It has been found that the 'combinatorial' nature of the micro/nano-channels surface allows for the increased adsorption of molecularly different proteins, comparing with the adsorption on flat surfaces. This amplification increases for proteins with lower molecular surface that can capitalize better on the newly created surface and nano-environments. Importantly, the adsorption on micro/nano-fabricated structures appears to be less dependent on the local molecular descriptors, i.e. hydrophobicity and charges, due to the combinatorialization of the nano-areas presented to the proteins. The amplification of adsorption is important, ranging from 3-to 10-fold, with a higher amplification for smaller, globular proteins.
INTRODUCTION
The rapidity and moderate cost of biosensing of protein-based micro-devices make them an attractive alternative to the existing methods allowing rapid, efficient, and quantitative protein detection 1, 2, 3 . Most technologies for the fabrication of protein chips have to ensure the confinement of molecularly different proteins in laterally-defined, either flat 2D; or profiled '2D+' micro-areas. The profiled features have the advantage of minimization of inter-spot contamination and the drawback of more difficult access of the recognition biomolecule (e.g. antigen for antibody microarrays) in a micro-confined area. Recently we have proposed 4 a method for protein immobilization in micro/nano-channels fabricated via laser ablation of a thin metal layer deposited on a polymer immobilization substrate. The shallow profiles of the microfabricated features are expected to take advantage of the benefit of the flat areas and mitigate the drawback of the deep structures.
The present study investigates the adsorption of five, molecularly different proteins on micro/nano-structures fabricated via laser ablation, to probe the relationship between the amplification of the protein adsorption and their molecular characteristics (total molecular surface; and charge-and hydrophobicity-specific surface).
METHODOLOGY

Preparation of the micro-fabricated structures
Glass slides or cover slips (0.17 mm thick, 24 x 24 mm, Knittel) were sonicated in Nanopure water for 30 min and washed copiously with filtered (0.2 µm) Nanopure water (18.2 MΩ/cm), dried under a stream of high purity nitrogen, and then primed with hexamethyldisilazane. A 4 wt% solution of PMMA in propylene glycol methyl ether acetate (PGMEA) 99% (purchased from Sigma Aldrich Co.) was spin-coated at 3000 rpm for 40 s using a Specialty Coating Systems spin coater (Model P6708). The coated substrates were then soft baked at 85°C for 30 min, and stored in a desiccator prior to and after gold deposition. The deposition of gold was done using a sputtering SEM-coating unit E5100 (Polaron Equipment Ltd) at 25 mA for 90 s at 0.1 Torr. For these conditions, the gold film thickness was 50 nm. The gold-layered substrata were then incubated with bovine serum albumin (BSA) by immersion in a 1% w/v BSA 10 mM phosphate-buffered saline (PBS) solution (pH 7.4) at room temperature for approximately 1 h, and then rinsed with PBS followed by Nanopure water.
Protein preparations
Human immunoglobulin (HIgG), human serum albumin (HAS), lysozyme, myoglobin, and α-chymotrypsin were purchased from Sigma. Proteins were prepared as stock solutions at a concentration of 2 mg/ml and diluted with TBS to 100 µg/ml as working solutions prior to experiments. AlexaFluor 456 has been used as fluorescent tag that has been conjugated to the selected proteins using FluoroTag Kits purchased from Molecular Probes. The labeling procedure was carried out according to the instructions of the manufacturer. Each protein was used in concentration of 2 mg/ml. The labeled proteins were purified from unconjugated fluorescent dyes using a Sephadex G-25 column. The concentration of labeled proteins was determined by UV-Vis spectroscopy. The Fluorescent dye/Protein molar ratio of the purified protein was determined by measuring the absorbance at 280 nm (for protein) and 556 nm (for AlexaFluor 546).
Protein adsorption on native PMMA polymeric surfaces and on ablated areas
The proteins (20 µl of 70-330 µg/ml), either fluorescently labeled for the visualization and quantification of the protein attachment, or unlabeled for the thickness estimation were deposited onto micropatterned ablated areas and on native PMMA polymeric surfaces in a 'blanket' mode, flooding the whole surface of the micro-assay. For the 'blanket' deposition, the slide was incubated for 30 min at room temperature in a humid chamber, than the slide was washed three times with PBS and twice with Nanopure water. The fluorescence intensities were detected with a FluorStar Galaxy Fluor reader (Germany) by measuring emission at 556 nm with excitation at 583 nm. The results obtained are the mean values of nine repeats from three independent experiments.
Fluorescence Microscopy (FM)
The attachment of fluorescently labelled proteins on the ablated area was visualised and analysed using two different microscopic systems. One was the NIKON Microphot FX microscope with a UV light source (Nikon Mercury Lamp, HBO-100 W/2; Nikon C.SHG1 super high pressure mercury lamp power supply) at 100X objective. These images were captured on a Nikon camera (FX-35WA). The second system was a Nikon inverted microscope (Nikon Eclipse TE-DH 100W, 12V) with an attached UV light source (Nikon TE-FM Epi-Fluorescence). Images were captured on a Nikon Charged Coupling Device (CCD) camera. The fluorescence intensities were analysed using Gel-Pro Analyser software, version 4.0.
Calculation of protein molecular surface parameters
The molecular descriptors of the selected proteins have been calculated using a program, which can be freely downloaded from www.bionanoeng.com, that uses the Connolly algorithm 6 beyond its original purpose (i.e. the calculation of molecular surface) for the calculation of the surface-related molecular properties (i.e. surface positive and negative charges; and surface hydrophobicity and hydrophilicity using Kyte-Doolittle scale of hydrophobicity/hydrophilicity) as well as the molecular surfaces related to these properties. The program calculates the surface properties using probing balls with different radius. The charges of individual amino acids have been calculated using a semi-empirical method (PM3 as implemented in HyperChem from HyperCube Inc.) for the structures relevant to a particular pH; then averaged according to acid-base equilibria equations; then implemented in an input table read by the program. This procedure allows the calculation of the charges on the protein surface as function of the pH of the solution, and therefore account for the modulation of the adsorption by the differences between the pH and the isoelectric point of the protein. The algorithm used by the program has been reported elsewhere 5, 6 . The properties of the proteins have been calculated for a radius of the probing sphere between 1.4 Å and 10Å.
DATA AND RESULTS
Characterization of micro-structures in Au-deposited PMMA films
The fabrication and operation of the protein chips are much more challenging than these of the DNA chips because of a number of important surface-related problems such as the variations -possibly large-of the concentration of different proteins on the same surface and therefore different intensities of the fluorescence signal that are unrelated to bioactivity; and the possible surface-induced denaturation of the proteins and subsequently the change of their bioactivity from their natural state 7, 8 . Recently, we have proposed 4 a micro-device that presents to different proteins a large variation of surface types -in terms of hydrophobicity and topographyconcentrated in a small, micron-sized region. The fabrication consists in the ablation of an opaque thin metallic (e.g. Au) layer deposited on a thick transparent polymeric (e.g. PMMA) layer. The ablation of the thin metallic layer induces the pyrolysis and partial 'sculpturing' of the polymer. The strategy behind this experimental approach was to allow different proteins to find the most appropriate -in terms of adsorption and preservation of bioactivity-surface. Because the different micro/nano-surfaces are co-located in a small area (channel width around 10 µm or less) the florescence signal from the proteins would be perceived at the mm-range as being located in the areas. It has also been observed that the concentration of the proteins was apparently higher in the microstructures than on flat areas with similar material (PMMA). The present contribution addresses the quantification of this amplification of adsorption and the impact of molecular properties of the proteins.
The AFM analysis of the microfabricated structures ( Fig. 1) showed that these present a lateral variation of hydrophobicity with the edges of the channels being the most hydrophilic; and the centre being the most hydrophobic. This variation of surface chemistry can be attributed to the lateral distribution of the ablation energy, which translates in different energies delivered to the polymer, and subsequently different surface chemistries. The expected reactions, which translate to three spatial regions, would be, in order of increasing pyrolysis temperature, i.e. from the edges towards the centre, (i) the termination of the side ester groups at one of the C-O bonds, resulting in a more hydrophilic material; (ii) depolymerization of the main chain, preserving the same hydrophobicity; and if the pyrolysis process is quick enough (iii) the breaking of the side bonds, resulting in a more hydrophobic material. Fig. 1 . AFM topographical (top left) and lateral force (top right) image of a channel fabricated via the ablation of a 30nm Au layer on top of PMMA. The middle region (I) is the most hydrophobic, whereas Comparative adsorption of the selected proteins in the channels of thin gold layer deposited on a Poly(methyl methacrylate) film was visualised using fluorescence and atomic force microscopy and further quantified using a Fluor reader. Poly(methyl methacrylate) is a rather commonly used polymer due to its characteristics, e.g. transparency (>90% transmission), stiffness with excellent uv stability, low water absorption and high abrasion resistance. The hydrophobicity of PMMA estimated by contact angle measurements was ranged from 68 θ to 72 θ indicating its moderate hydrophobic nature.
The processes described above (and presented schematically in Fig. 2) will generate a wide range of different surface chemistries and hydrophobicities, which in turn will facilitate the adsorption of proteins with different molecular surface characteristics. The spatial distribution of the surface chemistries/hydrophobicities reflects in the topography of the micro-fabricated structures, with an elevated (hydrophilic) region at the edges; a flat (medium hydrophobic) region between the edges and the centre; and a central region with a bump (hydrophobic). The micro/nano-topography of the micro-channels, as well as the AFM lateral force mapping validated the mechanism proposed above. Finally, the rugosity of the surface is also distributed unevenly, with the region outside the channels and the plateaus (region II in Fig. 1 ) being flatter than region I in Fig. 1. 
Concentration-dependent protein adsorption on micro-structures
The focus of this contribution is the quantification of impact of molecular descriptors on protein adsorption. It is known however that the adsorption is strongly modulated by the concentration of the proteins in solution. For this reason, we had to run a small parallel study to find out a concentration for which the adsorption could be measured with confidence for all proteins involved.
As expected the higher concentration of the protein the higher the adsorption. However, the sensitivity of the analysis of the impact of molecular descriptors would increase for lower concentrations of proteins. Although in fluorescence mode the adsorption of some proteins could not be visualised with a good contrast, in particular for α-chymotypsin, the photon-counting detection of the Fluor reader could accurately detect variations in protein concentration. It appeared that a concentration of 0.1 mg/ml would allow a high enough level of the fluorescence signal without compromising the sensitivity. This concentration has been reported as optimal for many proteins (as for example, for HSA 9 ).
Impact of molecular descriptors on protein adsorption on micro-structures
The molecular properties of proteins and their interactions with surfaces have an effect on protein adsorption, which is one of the first and most important events that occurs when a biological fluid contacts a surface. Interactions based on hydrophobicity 10,11 and electrostatics 22 have been found to be driving forces for protein adsorption. As the microstructures fabricated as described above comprise micro/nano-areas with very different chemistries it is expected that both hydrophobicity and electrostatics would contribute to the adsorption on these 'combinatorialized' micro/nano surface. Indeed an AFM analysis of the topography of the channels after the deposition of proteins showed that the initial topography of the channels (Fig. 1) is partially smoothed, with IgG having a more pronounced effect.
Essentially the adsorption of proteins is governed by (i) kinetic processes (i.e. diffusion of molecules to, and sometimes from the surface); and (ii) thermodynamic processes (i.e. electrostatic and hydrophobic interactions between the protein and the surface). These two types of processes are of course interconnected. In particular the electrostatic interactions which are long range interactions will influence in a larger degree the protein transport to the adsorbing surface. Also the electrostatic and hydrophobic interactions will be connected at the protein structure level (e.g. a protein which presents a hydrophobic molecular surface will -statistically speaking-have a less charged surface). However, when performing a sensitivity analysis of the 'tug-of-war' between these three adsorption-relevant parameters, one should try to find the descriptors that are independent of each other. Three molecular descriptors have been found to both impact on proteins adsorption (on flat and microstructured surfaces) and be largely independent of each other, namely: (i) total molecular surface (which modulates the transport of the protein on the surface and also has an effect on the packing of the protein layer on the surface); (ii) ratio between the hydrophilic/hydrophobic specific density (the specific density is the total property -e.g. hydrophilicity index-per respective area -e.g. hydrophilic area-); and (iii) ration between positive and negative areas. The last two descriptors will account for the thermodynamic factors, i.e. hydrophobic and electrostatic interactions, respectively. It is worth noting that the hydrophobicity-related descriptors are much more statistically independent of the size of the molecule, i.e. molecular surface (i.e. R 2 = 0.022 is a maximum), whereas the charge-related descriptors are less independent (i.e. R 2 = 0.069 is a minimum). The transport of proteins to the surface is, to a large extent, diffusion-dependent as the convection will have a limited role at this scale. In the first approximation, the diffusion coefficient will be dependent -according to Stokes-Einstein theory-on the radius of a sphere, r, as D ~ r -1 , or dependent on the surface, S (S ~ r 2 ), D ~ S -0.5 . Of course, these simple relationships will be altered by the shape of the object (apparent increase of the power applied to the size of the object and subsequently the surface) and environment in which the object diffuses (a confined environment will reflect in a decrease of power applied to the size of the object and subsequently the surface, down to -3/2 from -1/2, if an analogy with the Knudsen diffusion is applied).
A sensitivity analysis of the impact of the total molecular surface and ratio of the hydrophilic/hydrophobic specific density (Fig. 3 ) revealed a few interesting relationships. First, the protein adsorption is amplified on microstructured rather than on flat surfaces (the larger coefficient in the fitted function, with a separate analysis to follow). Second, the adsorption on microstructured surfaces depends on the molecular surface with a power ~0.33, while the adsorption on flat surfaces is governed by an almost linear relationship (power ~1.2) versus molecular surface. Indeed on flat surfaces, for geometric reasons, a linearity of the adsorbed mass with the molecular surface would be expected, while in confined environments smaller molecules could capitalize better on newly created areas. Third, the specificity of adsorption on microstructured surfaces versus the hydrophobicity-related descriptor decreases dramatically (decrease two times of the respective power), possibly due to the 'combinatorialization' of the adsorbing surface in the channels (mechanism proposed in Fig. 1 ). Fourth, as expected, a higher relative hydrophobicity (i.e. smaller ratio hydrophilic/hydrophobic specific density) induces a higher adsorption on both types of surfaces. Fifth, the quality of the fit decreases for microstructured surfaces, presumably because of the same 'combinatorialization' that adds statistical noise to the data.
A similar sensitivity analysis of the impact of the total molecular surface and ratio of the positive/negative areas revealed similar relationships. First, it is confirmed that the adsorption is much higher on microstructured than on flat surfaces. Second, it is confirmed that the adsorption is modulated by molecular surface with a power ~1 and ~0.33, for flat and microstructures, respectively. Third, the adsorption on microstructured surfaces depends less on the chargesrelated descriptor (decrease Fig. 3 . Modulation of the amplification of protein adsorption in micro/nano-channels vs. the molecular surfaces of the respective protein.
of the power from 0.6 to 0.25, for flat and microstructures, respectively), again possibly due to the 'combinatorialization' of the adsorbing surface in the channels. Forth, interestingly, a higher positive charge (area) induces a higher adsorption, possibly due to the presence of carboxylic groups, created either parasitically or thermo-induced on flat surfaces and at the edges of the micro-structures, respectively. Fifth, the same degradation of the quality of the fit is observed for the adsorption on flat and microstructured surfaces.
It appeared that the small proteins can use the combinatorial surface better to amplify their adsorption, whereas larger proteins are less sensitive to the opportunities offered by various surfaces at least partially because they exhibit 'combinatorial' molecular surfaces too. Finally, and for the concentrations used in this study, the adsorption on flat surfaces is proportional with d 2-2.5 (where d is the average diameter of the protein) whereas on microstructured surfaces the adsorption is less sensitive to the diameter of the protein (proportional with d 0.66-0.75 ). The role of rugosity on flat and micro-structured surfaces on protein adsorption can also be quantified. The shallow character of the channels (less than 50nm versus 5-10µm) does not suggest that the additional area created via ablation is large enough to explain alone the amplification of adsorption. These being said, it is clear that smaller protein can capitalize better on the newly created surfaces in the mid-valleys in the channels (Fig. 1) as well as on the rigidity of the surface than the larger proteins. Although the statistical relevance decreases for the analysis that considers only the molecular surface, this parameter is important enough to warrant a separate analysis. The molecular surface has been calculated using a probing sphere with 10Å radius, which offers the best statistical fit of the data, as well as being the most appropriate for the analysis of the adsorption on surfaces. The impact of the total molecular surface on the amplification of adsorption is presented in Figure 10 . Whatever the circumstances, the amplification of adsorption (i.e. the ratio between the level of adsorption on micro/nano-structures and on flat surfaces) is important varying between 3-and 10-fold. The efficiency of the amplification of adsorption decreases with the molecular surface reaching a plateau at around 3-fold.
CONCLUSIONS
Micro/nano-structures that are micro-sized in width and tens of nanometers deep induce the amplification of protein adsorption 3-to 10-fold depending on the molecular surface of the protein. It appears that smaller proteins can capitalize better on the newly created micro-level structure and nano-level rugosity. The fabrication of the microstructures, achieved by ablating a thin metallic layer deposited on a non-ablatable polymeric layer, induces the creation of 'combinatorial' surfaces, with different surface chemistries. This surface 'combinatorialization' makes the adsorption of proteins less dependent on the local molecular descriptors, i.e. hydrophobicity and charges. Consequently, molecularly different proteins will adsorb at increased levels with better chances for the preservation of bioactivity. The amplified and 'combinatorialized' adsorption on micro/nano-structures has the potential of improving the detection of biomolecular recognition if used for protein microarrays.
